Oxidative lesions represent the most abundant DNA lesions within the cell. In the present study, we investigated the impact of the oxidative lesions 8-oxoguanine, thymine glycol and 5-hydroxyuracil on RNA polymerase II (RNA pol II) transcription using a well-defined in vitro transcription system. We found that in a purified, reconstituted transcription system, these lesions block elongation by RNA pol II to different extents, depending on the type of lesion. Suggesting the presence of a bypass activity, the block to elongation is alleviated when transcription is carried out in HeLa cell nuclear extracts. By purifying this activity, we discovered that TFIIF could promote elongation through a thymine glycol lesion. The elongation factors Elongin and CSB, but not TFIIS, can also stimulate bypass of thymine glycol lesions, whereas Elongin, CSB and TFIIS can all enhance bypass of an 8-oxoguanine lesion. By increasing the efficiency with which RNA pol II reads through oxidative lesions, elongation factors can contribute to transcriptional mutagenesis, an activity that could have implications for the generation or progression of human diseases.
Introduction
The integrity of cellular DNA is constantly threatened by DNA-damaging agents of both endogenous and environmental origins. Oxidative lesions represent the most common modifications within the cell, with approximately 150 000 lesions generated per cell per day (Beckman and Ames, 1997) . To maintain the integrity of the genetic material, cells possess multiple DNA repair pathways, such as the nucleotide excision repair (NER) pathway, which is primarily responsible for repair of bulky helix-distorting damage, and the base excision repair (BER) pathway, which preferentially repairs non-bulky and non-helix-distorting damage (Hoeijmakers, 2001) . Under some circumstances, however, these repair processes are inefficient or the load of lesions is too high, and the cell is obliged to replicate or transcribe DNA containing persistent damage.
During replication, unrepaired oxidative lesions lead to two major biological problems: miscoding, which is premutagenic, and polymerase arrest, which is cytotoxic. For example, 5-hydroxyuracil (OHdU) is not lethal, but is highly mutagenic in Escherichia coli, where it causes C to T transversions (Kreutzer and Essigmann, 1998) . For 7, , a mutation frequency of 2.5-4.8% was determined in mammalian cells using a single-stranded phagemid shuttle vector system harboring a site-directed introduced oxoG (Moriya, 1993) . Both, oxoG as well as OHdU are bypassed during replication (Wood et al, 1990; Shibutani et al, 1991) . In contrast, 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol, Tg), a non-mutagenic lesion (Hayes et al, 1988) , leads to an arrest of the replicative DNA polymerase in vitro (Clark and Beardsley, 1986) and is consequently lethal in vivo (Hayes et al, 1988) . To overcome such a cytotoxic status, the cell has evolved an elaborate system allowing replication past these blocking lesions. This mechanism is referred to as DNA translesion synthesis (TLS). It involves a polymerase switch, where a specialized polymerase reads through the lesion and afterwards hands over to the replicative DNA polymerase (Lehmann, 2005) .
During transcription, two strategies could be envisioned to prevent acute cell death through arrested RNA polymerase II (RNA pol II) at unrepaired lesions. When encountering the damage site, elongating RNA pol II might promote transcription coupled repair (TCR), a specialized DNA repair pathway, that efficiently removes bulky lesions from the transcribed strand (Mellon et al, 1987) . Whether TCR is able to remove non-bulky oxidative lesions remains controversial, since several key papers pointing in this direction have been recently retracted (Cozzarelli, 2003; Cooper et al, 2005; Le Page et al, 2005) . The second strategy could be to bypass the lesion resulting in transcriptional mutagenesis (Doetsch, 2002) . This pathway has been well characterized in E. coli (Bregeon et al, 2003) , but there is not yet general agreement as to its importance in human cells (Tornaletti et al, 2001 (Tornaletti et al, , 2004 Kuraoka et al, 2003; Kathe et al, 2004) .
In the present study, we investigated the impact of three different oxidative lesions on RNA pol II transcription, using a well-defined in vitro transcription system. We found that a single oxidative lesion can block RNA pol II progression to a variable extent, depending on the type of the lesion. In nuclear extracts, this block is alleviated for each lesion, suggesting the presence of a bypass activity. In further experiments, we found that RNA pol II bypass activities reside in elongation factors including TFIIF, Elongin, CSB or TFIIS, which exhibit distinct specificities in their abilities to promote bypass of different oxidative lesions.
Results

An RNA pol II-associated bypass factor is present in HeLa NE
To analyze the effect of oxidative DNA damage on RNA pol II elongation, we first designed DNA substrates containing an either oxoG (DNA-oxoG), Tg (DNA-Tg) or OHdU (DNAOHdU) lesion 488/489 nt (489 nt) downstream of the Adenovirus Major Late (AdML) promoter ( Figure 1A ). The presence of these nucleotide modifications at these positions abolishes an ApaLI restriction site. DNA templates with and without oxidative lesions were tested in a reconstituted transcription system (RTS), comprising the recombinant basal transcription factors TBP, TFIIB, TFIIE and TFIIF, as well as RNA pol II and TFIIH purified from HeLa cell nuclear extract (HeLa NE) (Gerard et al, 1991) .
When no lesion was present, RNA pol II synthesized full-length, 525 nt transcripts ( Figure 1B , lane 1). Transcription of DNA containing a well-characterized blocking lesion, a cisplatin 1,3-d(GTG) intrastrand crosslink (CisPt), results in the synthesis of 489 nt long RNA, suggesting that RNA synthesis stopped at the lesion (lane 2). When transcription was performed either on DNA-oxoG or DNA-OHdU templates, transcripts arrested at the lesion were synthesized in addition to the 525 nt full-length RNA, while transcription of DNA-Tg mainly produced the 489 nt RNA transcripts (lanes 3-5). This first set of experiments demonstrates that oxidative DNA modifications can block elongation by RNA pol II, albeit with different efficiencies depending on the lesion investigated.
We next carried out transcription assays in HeLa NE instead of the purified RTS. Under these conditions, we observed for each oxidative lesion studied, a two-to threefold increase in the relative production of full-length transcripts, while CisPt still blocked elongation by RNA pol II (lanes 7-10). Note that the presence on the nontemplate strand of any oxidative DNA lesion investigated does not block elongation using RTS (lanes 11-13).
Based on these results, it appears that HeLa NE either permits the repair of oxidative DNA damage during transcription or contains factors that stimulate the bypass of these lesions. To discriminate between these hypotheses, we designed two sets of experiments. Nuclear extracts from either HeLa cells or oxoG-repair-impaired mouse embryonic fibroblasts derived from oxoG DNA glycosylase 1 (Ogg1) À/À mice (Klungland et al, 1999) were incubated with a g-32 P-ATP 5 0 -end labeled DNA-oxoG substrate. Only HeLa NE led to DNA-oxoG cleavage, while neither Ogg1 À/À NE nor the RTS exhibited any oxoG excision activity ( Figure 1C, lanes 1-3) . Nevertheless, the oxoG-excision-impaired Ogg1 À/À NE allowed high levels of full-length transcription (up to 90%), comparable to what we observed during transcription in HeLa NE and clearly higher than in the RTS (B60%) ( Figure 1C , lanes 4-6). This suggests that accumulation of full-length RNA transcripts is not (only) the result of repair of the DNA-oxoG, but rather due to the presence of an oxo-G bypass activity. We next tested whether HeLa NE would repair oxidative lesions during the transcription reaction. Similar amounts of DNA-oxoG, DNA-Tg or DNA-OHdU were first transcribed in the presence of either RTS or HeLa NE and then purified and analyzed following ApaLI digestion. In the absence of a DNA lesion, we observed two restriction fragments of 892 and 572 bp ( Figure 1D, lanes 1 and 2) . Only a very low percentage of DNA-oxoG and DNA-OHdU templates as well as the DNA-CisPt template was cleaved by ApaLI. Importantly, no increase in the cleavage by incubation with NE in comparison to RTS was observed for these lesions, thus demonstrating that, in our assay, NE-compared to RTS-did not lead to an increased repair during transcription (lanes 3-6, 9 and 10). In contrast, cleavage of DNA-Tg by ApaLI increased slightly following incubation with HeLa NE compared to RTS, suggesting that some minor repair of Tg lesions occurred during the NE transcription reaction (lanes 7 and 8). This weak increase in repair activity (B11%), however, was not sufficient to account entirely for the increase in full-length RNA synthesis seen with HeLa NE (B35%). We thus conclude first that production of full-length RNA is due to RNA pol II translesion transcription rather than to the elimination of the oxidative damage and second, that HeLa NE contains at least one bypass activity.
Purification of an RNA pol II bypass factor
To isolate the protein(s) responsible for bypass stimulation, HeLa whole-cell extract was sequentially fractionated using heparin-Ultrogel, DEAE-Sephacryl, sulfopropyl-Spherodex and phenyl-5PW chromatography ( Figure 2A and Materials and methods). The 0.40 M (NH 4 ) 2 SO 4 fraction eluted from the phenyl column contained the bypass activity and was subsequently purified on sulfopropyl-5PW and finally on heparin-5PW columns (Figure 2A ). The protein fractions eluting from heparin-5PW between 0.22 and 0.35 M KCl were analyzed by SDS-PAGE and tested in a transcription assay containing the DNA-Tg template, RNA pol II, and each of the transcription factors required for promoter-specific initiation. A Tg bypass activity that supports increased production of full-length 525 nt RNA transcripts is detected in fractions 40-43 of the final Heparin column ( Figure 2B , transcription, lanes 3-6). Starting from 20 Â10 10 HeLa cells (B3 g of total protein extract), we thus were able to recover after six chromatographic steps an active bypass fraction containing about 300 mg of protein. Bypass activity copurified with three major polypeptides of approximately 30, 50 and 75 kDa ( Figure 2B , Coomassie staining, lanes 2-6). Analysis by mass spectrometry (MALDI-MS) and Western blot revealed that two of these polypeptides are the RAP30 and RAP74 subunits of the general transcription factor TFIIF ( Figure 2B , Western blot). This factor is required for promoter-specific initiation and has been shown to stimulate the rate of transcript elongation by RNA pol II (Flores et al, 1989) . The 50 kDa polypeptide corresponds to the 'PKA and PKC Substrate In Neurons 3' (PACSIN3) protein, a cytosolic adapter protein implicated in endocytosis and signal transduction (Modregger et al, 2000; Sumoy et al, 2001; Mori et al, 2003) .
Since the screening for the bypass activity was performed using the DNA-Tg template, we wondered whether the purified factor also helps to bypass the other oxidative lesions. In vitro transcription of oxidative lesion containing template on the transcribed strand using either RTS (lanes 1-5), or HeLa NE (lanes 6-10) or on the non-transcribed strand (NTS) using RTS (lanes 11-13). Quantitative data (mean7s.d.) are derived from at least three independent experiments. Arrest (489 nt) and bypass (525 nt) transcripts are indicated. (C) Glycosylase assays (as described by Shimizu et al (2003) (lanes 1-3) and transcription assays (lanes 4-6) on an DNA-oxoG using RTS, HeLa and Ogg1 RTS was next incubated with either DNA-CisPt, -oxoG, -Tg, -OHdU or undamaged template with or without a pool of the active fractions [40] [41] [42] [43] ) from the final heparin-5PW column. In the presence of the pool, we observed an increase in synthesis of the full-length RNA when DNA-Tg is used as a template, while there was weak, but no substantial increase when reactions contained DNA-oxoG or DNAOHdU ( Figure 2C ).
To test whether the Tg bypass activity is due to TFIIF, Fr. 40-43 from the heparin-5PW column was immunodepleted with an antibody that specifically recognizes the RAP74 subunit of TFIIF ( Figure 2D ). Demonstrating the specificity of the immunodepletion, no additional proteins co-immunoprecipitated with TFIIF (lane 3), and TFIIF was not immunoprecipitated with a control antibody (lane 7 and 8). In addition, the immunodepletion was quantitative since no TFIIF was detectable in the TFIIF immunodepleted fraction (DIIF) by Coomassie staining (lane 2) or by Western blot (lane 5). When added to the RTS, the DIIF fraction does not stimulate bypass of the Tg lesion ( Figure 2E , lanes 2 and 3). In contrast, the control-antibody treated pool of Fr. 40-43 (DC) showed bypass stimulation comparable to the input (lanes 1 and 4). It also has to be noted that PACSIN3, the 50 kDa polypeptide that copurified with TFIIF, remained in the DIIF fraction ( Figure 2D , lane 2), which did not exhibit any bypass activity ( Figure 2E , lane 3). Importantly, purified recombinant TFIIF increased the Tg bypass activity in a dosedependent manner ( Figure 2E , lanes 5-7). Taken together, our findings demonstrate that Tg bypass activity in our purified active fractions can be attributed to the transcription factor TFIIF.
Elongation factors act directly on the stalled ternary transcription complex
To investigate further how TFIIF promotes bypass of the Tg lesion and to determine whether other elongation factors have a similar activity, we established an in vitro transcription assay in which the damaged DNA template was immobilized on magnetic beads . After performing transcription using the RTS ( Figure 3A , Incub I), all the basal transcription factors were removed from the immobilized damaged DNA template by extensive washes with a buffer containing 0.40 M KCl and 0.01% sarkosyl. The remaining immobilized ternary transcription complexes, which contain only the hyperphosphorylated elongating RNA pol II (RNA pol IIO) ( Figure 3B , lane 3), were subsequently incubated (Incub II) with the purified recombinant elongation factors TFIIF, CSB (Troelstra et al, 1992 (Troelstra et al, , 1993 Elongin, (Aso et al, 1995; Kong et al, 2003) or TFIIS (Nakanishi et al, 1981) (Figure 3C ). In this well-defined transcription elongation system, both the activity in Fr. 40-43 and recombinant TFIIF stimulate bypass of the Tg lesion, excluding the possibility that TFIIF acts indirectly at or prior to initiation and indicating instead that it acts directly on stalled RNA pol IIO ( Figure 3D, lanes  1-3) . In addition, we observe that CSB and Elongin also allow RNA pol IIO to bypass the Tg damage, leading to an increase in synthesis of the full-length 525 nt RNA (lanes 4-6). Interestingly, TFIIS, which functions by a mechanism distinct from that utilized by TFIIF, CSB, and Elongin, was not able to promote bypass of the Tg lesion by RNA pol IIO (lane 7).
We also carried out similar experiments using immobilized DNA-oxoG and DNA-OHdU templates. RNA pol IIO stalled at an oxoG lesion can bypass the damage site when supplemented with CSB, Elongin and TFIIS (lanes 8-11). In contrast, none of these elongation factors are able to promote OHdU TLS by RNA pol IIO (lanes 12-15). Furthermore, we did not observe cooperative effects in the presence of various combinations of elongation factors; in fact, TFIIS even seems to slightly decrease the activity of Elongin, CSB and TFIIF on Tg lesions (data not shown).
Finally, we obtained similar results using nonimmobilized circular templates ( Figure 3E ). CSB and Elongin, but not TFIIS, could support bypass of a Tg lesion ( Figure 3E , lanes 1-4); all of the elongation factors supported bypass of an oxoG lesion (lanes 5-8), and none of the factors tested could stimulate bypass of an OHdU lesion (lanes 9-12).
The above data suggest that each elongation factor exhibit its own specificity in controlling the bypass of the oxidative damage by the elongating RNA pol IIO and also demonstrate that the structure of the DNA template (linearized versus closed circular DNA), does not substantially influence the bypass reaction.
To address the question, why TFIIS mediates the bypass of oxoG but not Tg, even though they are both not complete blocks of transcription, we tested, whether RNA pol II halted in front of oxoG and Tg responds differently in terms of TFIISstimulate transcript cleavage. After having performed transcription on immobilized DNA-Tg, DNA-oxoG and DNA-CisPt as illustrated in Figure 3A , TFIIS was added in the absence of NTP to monitor transcript cleavage. For all lesion, the TFIISstimulated transcript cleavage is observed: RNA shorter than the transcript generated from lesion-stalled RNA pol II is formed as well as the of 489 nt transcript in a TFIIS-dosedependent manner ( Figure 3F , lanes 2 and 3, 6 and 7, as well as 10 and 11). These backtracked ternary complexes can be reactivated upon NTP addition (lanes 4, 8 and 12) but do not lead to increased bypass of Tg or CisPt, reinforcing the results shown before (Figure 3 D and E) . Thus, the difference in RNA pol II behavior with regard to TFIIS bypass stimulation between DNA-Tg and DNA-oxoG cannot be explained by different sensitivity towards TFIIS-mediated cleavage induction. To study TFIIF's mode of action, KMnO 4 -footprinting experiments were performed and indicated that TFIIF slightly changes the DNA structure in the context of a stalled RNA pol II (data not shown).
Bypass of oxidative lesions might partially result in miscoding
To address whether increased bypass by RNA pol II would result in transcriptional mutagenesis, we analyzed the sequence of the resulting transcript. We generated by reverse transcription the corresponding cDNA followed by PCR amplification. The PCR products were either sequenced or digested with the restriction enzyme ApaLI. Sensitivity to ApaLI is diagnostic for mutagenesis, since transcriptional mutagenesis resulting from misincorporation opposite either the guanine oxidation product oxoG or the thymine oxidation product Tg would abolish the restriction site (see Figure 1) . OHdU, which we introduced in place of a thymine in DNA-OHdU ( Figure 1A) , is a cytosine oxidation product (see Discussion). Consequently, transcriptional mutagenesis by incorporation of adenine opposite the OHdU would restore the ApaLI site in the corresponding cDNA.
Transcription of DNA-oxoG is mutagenic, since 8% of the RT-PCR products are insensitive to ApaLI digestion ( Figure 4A, lane 3) . Sequence analysis of the cDNA shows that mutagenic oxoG leads principally to adenine incorporation ( Figure 4B, upper panel) . Transcription on DNA-OHdU template is highly mutagenic, since OHdU pairs nearly exclusively with adenine, as demonstrated by the almost complete sensitivity of RT-PCR products to ApaLI digestion ( Figure 4A , lane 5) and by sequencing ( Figure 4B ). In con- Figure 4B ). We note that addition of either CSB, Elongin, or TFIIS does not result in an obvious change of the mutagenic potential of DNA-oxoG by RNA pol II ( Figure 4B , lower panels). Similarly, none of the elongation factors seems to have an influence on the mutation rate for either OHdU or Tg.
Discussion
Cells are continuously exposed to genotoxic attack and therefore must be prepared to counteract the detrimental effects of the resulting DNA damage by either rapidly repairing the damage or activating the apoptotic response. Another option is to allow replicative or transcriptional bypass of DNA lesions at the cost of risking mutagenesis. As mentioned earlier, TLS has been particularly well studied for DNA replication, where it is facilitated by a switch between high and low fidelity DNA polymerases during bypass of the lesion (reviewed in Lehmann, 2005) . During transcription, however, there is no polymerase switch to facilitate TLS.
Oxidative lesion has the ability to partially block RNA pol II elongation
In the present study, we have investigated the behavior of RNA pol II during in vitro transcription of DNA templates that contain different oxidative lesions. Using a RTS, we found that the oxidative lesions Tg, oxoG and OHdU can all block elongation by RNA pol II to a greater or lesser extent, with Tg lesions presenting the greatest impediment to elongation, while oxoG and OHdU lesions are bypassed more easily. These results are reminiscent of those obtained with DNA polymerases during replication and might be explained by the different modifications of the DNA structure specific for each type of oxidative damage (reviewed in Lukin and de Los Santos, 2006; Wallace, 2002) . X-ray diffraction studies showed that the conversion of guanine to oxoG does not significantly alter the glycosidic torsion preference of the molecule and that there is no steric interaction of oxoG with the phospho-deoxyribose backbone. Similarly, OHdU in DNA adopts a nondistorted B type conformation (Thiviyanathan et al, 2005) . In contrast, molecular dynamics simulations of Tg support the idea that the hydroxyl group at the 5 position results in a pseudo-axial oriented methyl group that causes distortion of the base pair 5 0 to the Tg. NMR analyses of Tg containing DNA further indicate that the presence of Tg induce a significant and highly localized alteration in the structure of the DNA, in which the base of Tg and of the opposing residue are extrahelical (Kung and Bolton, 1997) .
Elongation factors regulate oxidative lesion bypass
During transcription in HeLa extracts, in which it can be assumed that any activity regulating transcription should be present, we observed a higher production of full-length RNA transcripts. Our results argued that the increased efficiency of elongation on damaged DNA in these extracts was not due to either BER ( Figure 1C ) or TC-NER/TC-BER. Indeed, incubating either all or combinations of nucleotide excision repair factors together with the stalled RNA pol IIO does not remove the oxidative damage (data not shown). Alternatively, stalled RNA pol IIO prevents access of the glycosylases such as Ogg1, Nth1, Neil1 or Neil2 to the damage (data not shown), demonstrating that Neil1 and Neil2 do not cut preferentially in the context of a transcription bubble, as previously speculated (Dou et al, 2003) . Addition of all the factors required for TC-NER does not improve the removal of the oxidative damage by glycosylases (data not shown). Transcription elongation factors stimulate RNA translesion synthesis N Charlet-Berguerand et al
In conclusion, the absence of substantial repair during the transcription reaction suggests that activity(s) in the extracts were capable of increasing the efficiency of RNA TLS. Purification of a bypass activity from HeLa nuclear extract identified the general transcription factor TFIIF, which is capable of stimulating the rate of transcript elongation by pol II (Tan et al, 1994) . Further investigation revealed that several other elongation factors, including Elongin, CSB and TFIIS, can increase the bypass of different oxidative lesions to varying extents. OxoG bypass could be stimulated by all elongation factors, Elongin, CSB and TFIIS, presumably because the presence of oxoG does not significantly alter the overall DNA structure (see above). We also observed that bypass of Tg lesions could be stimulated by TFIIF, Elongin and CSB, but not by TFIIS. Importantly, although activity(s) in HeLa NE could promote bypass of an OHdU lesion, TFIIF, Elongin, CSB as well as TFIIS could not, suggesting that additional bypass activity(s) remain to be identified and its purification is currently ongoing.
It has to be stressed that, despite some specificity, we found overlapping activities for oxidative lesion bypass stimulation. This apparent redundancy raises the question for the need of multiple bypass factors within the cell. However, we analyzed only three different oxidative lesions in our study, whereas within the cell a large variety of different oxidative lesions exist. Therefore, we could imagine that some factors that were indistinguishable in our study would show discriminable bypass activities for other lesions. This redundancy/specificity is reminiscent of the one seen with DNA-N-Glycosylases, that are responsible for the first step in BER (Parsons and Elder, 2003) . Moreover, different elongation factors could act in a specific context or discrete localization. Altogether, this could explain the existence of redundant bypass activities.
How might TFIIF, Elongin, CSB and TFIIS promote transcriptional bypass of oxidative lesions? Consistent with their known abilities to act directly on the ternary transcription complex (reviewed in Sims et al, 2004) , our data demonstrate that TFIIF, Elongin, CSB and TFIIS act directly on stalled RNA pol II to allow bypass of oxidative lesions.
The distinct mechanisms of action of TFIIS on the one hand and TFIIF, Elongin and CSB on the other hand may contribute to their differential abilities to reactivate RNA pol II stalled at the relatively nondistorting lesion oxoG and the highly distorting lesion Tg. During transcription, elongating RNA pol II is subject to reversible pausing or transcriptional arrest, which are believed to result from aberrant backward movement (backtracking) of RNA pol II on the DNA template and displacement of the 3 0 -end of the transcript from the catalytic site in a process that is spontaneously reversible (i.e. pausing) or not (i.e. arrest). TFIIF, Elongin and CSB all stimulate the rate of elongation by decreasing the frequency or duration of transient pausing by RNA pol II (reviewed in Shilatifard et al, 2003) . Evidence suggests that Elongin (Takagi et al, 1995) , TFIIF (RCC, JWC, BJ Elmendorf, unpublished data) , and perhaps other elongation factors including CSB, suppress transient pausing by helping to lock RNA pol II into an active conformation such that the 3 0 -hydroxyl terminus of the nascent RNA chain is maintained in its proper position in the polymerase active site Sims et al, 2004) . In contrast, TFIIS can reactivate arrested RNA pol II by stimulating the nascent transcript cleavage activity of the back-tracked polymerase (Izban and Luse, 1992; Reines et al, 1992; Reines, 1992) . This creates a new 3 0 OH end that is properly aligned in the active center of the RNA pol II and can be re-extended, allowing the enzyme additional opportunities to read past the arrest site. Thus, it is tempting to speculate that TFIIF, Elongin, and CSB may be able to stimulate bypass of oxidative lesions because they prevent pausing or arrest at these sites by locking RNA pol II in an active conformation that seems resistant even to substantial distortions in the DNA template like the Tg lesion. In contrast, TFIIS does not lock RNA pol II into such a conformation but gives the RNA pol II a second chance to bypass the lesion by stimulating transcript cleavage. Theoretically, even with low probability of crossing, TFIISmediated cleavage and restart should allow all of the RNA pol II to bypass Tg lesion. Then, how can it be explained, that TFIIS does not promote Tg bypass even though 20% of this lesion was bypassed in the first encounter? We propose that the RNA pol II fraction that can bypass the Tg lesion is able to do so due to its association with TFIIF. RNA pol II alone would not be able to bypass the Tg lesion. In our assays, TFIIF is either absent or in limiting amounts for optimum elongation. Hence, repeated chances to resume transcription, stimulated by TFIIS, will end again at the lesion site. This is well observed with the CisPt lesion, which is also sensitive to TFIIS, but not bypassed ( Figure 3F ). Furthermore, we do not observe synergistic effects since TFIIF may negatively regulate TFIIS activity (Elmendorf et al, 2001 ).
Bypass of oxidative lesions can promote transcriptional mutagenesis
As discussed earlier, bypass of oxidative lesions occurs at the risk of transcriptional mutagenesis. Although oxoG pairs predominantly with cytosine, it can also pair with adenine during transcription ( Figure 4B , Kuraoka et al, 2003) . We also found that OHdU, a product of cytosine oxidation (reviewed in Wallace, 2002) , is highly mutagenic as it pairs nearly exclusively with adenine. In contrast, bypass of Tg lesions is not mutagenic during in vitro transcription (Figure 4) . We also should point out that our findings demonstrate the absence of a correlation between the blocking and the miscoding properties of the studied lesions: oxoG is weakly blocking and weakly mutagenic, OHdU is weakly blocking but highly mutagenic, and Tg is strongly blocking and not mutagenic. Moreover, we showed that elongation factors do not substantially alter the miscoding properties of the oxidative lesions despite their ability to increase translesion transcription. In light of these observations, we can conclude that the mispairing potential of a given damage is an intrinsic property of the lesion and is independent from its ability to block RNA pol II.
Finally, our discoveries that transcription elongation factors can increase the efficiency with which RNA pol II is able to bypass oxidative lesions and that different elongation factors do so to different extents could also-at least partially-explain, the contradictory data found in the literature (Tornaletti et al, 2001 (Tornaletti et al, , 2004 Kuraoka et al, 2003; Kathe et al, 2004) . Thus, translesion transcription may occur to varying extents depending on the particular cell extract used, and/or on the presence of contaminating elongation factors in components of the transcription system. In addition, sequences surrounding an oxidative lesion could influence the bypass activity of RNA pol II, since it is known that the template sequence can influence pausing and/or arrest. For example, the sequence of downstream DNA can selectively alter a paused conformation of human RNA pol II (Palangat et al, 2004) ; this is why in the present study, the lesions were inserted in the same DNA sequence context. Moreover, we also have observed that insertion of the lesions closer to the transcription initiation site increases the efficiency of oxidative lesion bypass by RNA pol II (Table I ). This could be due to some remaining influence of factors required for promoter escape and early elongation. For example, an increased portion of RNA pol II could still be associated with TFIIF closer to the transcription start site.
The present work sheds some light on the behavior of RNA pol II encountering an oxidative lesion and the transcriptional mutagenesis mechanism. By unraveling this elongation factor-mediated bypass of oxidative lesions, we have identified, on the one hand, a novel mechanism for dealing with oxidative lesions during RNA pol II transcription. On the other hand, we also highlight a novel function for elongation factors upon oxidative stress. Notably, these findings are consistent with the recent finding that CSB À/À cells exhibit an increased sensitivity toward oxidative stress (de Waard et al, 2004) and observations implicating other elongation factors in the response to stress conditions (Gerber et al, 2005; Mason and Struhl, 2005) . Finally, we have shown that, depending on the type of lesion, such bypass can generate mutated RNA, which, in turn, may contribute to the generation and progression of human diseases (Saxowsky and Doetsch, 2006) . By now, there are no reports addressing the question if transcriptional bypass can yield sufficient mutated mRNA and mutant proteins such that there are phenotypic changes. However, given these observations in bacterial systems (Viswanathan et al, 1999) , it is likely that these changes also occur in mammalian systems. Answering this question will be the focus of future research.
Materials and methods
Construction of DNA templates
Circular as well as immobilized DNA damage containing templates were prepared as described . Briefly, for immobilized templates, a 972 bp fragment was generated from the pBSII(KS-)GAL CAX500/300 TS by FokI digestion and biotinylated by fill-in synthesis using the Klenow fragment of DNA pol I in the presence of 40 mM Bio-dUTP (Amersham Bioscience). After ethanol precipitation the DNA was digested with Bsu36I and DraIII and dephosphorylated with calf intestine alkaline phosphatase (PRO-MEGA). If necessary, the template was radioactively labelled using g-32 P-ATP and Polynucleotide Kinase (NEB).
In vitro transcription assays Transcription was performed as described in Gerard et al (1991) for nonimmobilized DNA and in for immobilized DNA, using RNA pol II and TFIIH purified from Hela cells and recombinant TBP, TFIIB, TFIIE and TFIIF with the following modifications: After a 15-min preincubation at 301C, NTPs (General Electrics Healthcare) were added to a final concentration of 300 mM (ATP, CTP, GTP) or 50 mM (UTP) and incubated for further 20 min at 371C. When indicated, 5 pmol elongation factors were added to the transcription reaction. Reactions were stopped by adding 5 mM alpha-amanitin and 10 U RNase-free DNaseI (Roche) to each transcription reaction and incubated for 20 min at 371C. After addition of 50 mg Proteinase K (Sigma-Aldrich) and 200 ml STOP buffer (1% SDS, 300 mM sodium-acetate pH 5and 50 mg/ml glycogen) and incubation for 20 min at 371C, the transcript was purified by phenol/chloroform extraction and ethanol precipitation.
RNase protection assay
The transcript was resuspended in hybridization solution containing 80% formamide and 400 mM NaCl, 50 mM PIPES pH 6.5, 1.25 mM EDTA and 1 fmol of 32 P-labelled probe. This mixture was heated for 2 min at 951C and hybridised over night at 651C. The following day hybridisation was stopped by transferring the samples on ice. Single-strand RNA was digested by addition of 4 mg RNase A and 20 U of RNase T 1 in 80 ml RPA buffer (300 mM NaCl, 10 mM Tris pH 7.5, 10 mM EDTA) and incubation for 30 min at 371C. This step was followed by phenol/chloroform purification and ethanol precipitation. Total reaction product was loaded in sample buffer (80% formamide, 0.5% TBE, 0.02% bromphenolblue, 0.02% xylenecyanol) on 8% urea polyacrylamide gels and analyzed by autoradiography. Quantification was performed using a Typhoon phosphoimager and ImageQuant software from GE Healthcare. The rate of bypass was established by dividing the intensity of the 595 nt transcript band by the sum of the intensity of the 498 nt and the 595 nt band.
RNA probe preparation
The DNA template for the RNA probe contains nucleotides 325-523 of the transcript initiated from the AdML promoter of pBSII(KS-) GAL CAX500/300 TS and was generated by PCR using a T7 containing reverse primer, a gene-specific forward primer and pBSII(KS-)GAL CAX500/300 TS as a template. Transcription was performed using 10 U T7 RNA polymerase (Promega) and 100ng of PCR product, 500 mM ATP, UTP, GTP in a final concentration of cold 50 mM CTP and 5 mM 32aP-CTP (B400 mCi/mmol). Reactions were performed at 371C for 30 min followed by DNaseI digestion (5 U/ 100 ng DNA) for additional 20 min. The reaction was stopped by adding equal volume loading dye and separated on an 8% denaturing urea gel followed by extraction from the gel.
TFIIS-stimulated transcript cleavage analysis
After the first round of transcription on immobilized DNA, washes with 400 mM KCl and 0.01% sarkosyl, and reequilibration with transcription buffer, 0.5-1.5 pmol TFIIS was added to the reaction and incubated at 301C for 20 min before stopping the reaction as described above for the in vitro transcription.
Purification of the Tg bypass factor TFIIF
All procedures were carried out at 41C. Heparin-Ultrogel and DEAE Spherodex were purchased from IBF (France). TSK-phenyl-5PW, TSK-Heparin-5PW and TSK-SP-5PW were from Toso Haas (Germany). The first two steps of the purification were performed as described (Gerard et al, 1991) .
Step 3: Six DEAE 0.35 M fractions (6 Â 400 ml) that contained bypass activity were pooled, adjusted to 60 mM KCl by dilution with buffer A (50 mM Tris/HCl pH 7.9, 0.5 mM DTT, 0.1 mM EDTA, 8.7% Glycerol) and loaded onto a 100 ml SP Spherodex column (6 Â 5.5 cm 2 ) equilibrated in buffer B (50 mM Tris pH 7.9, 50 mM KCl, 0.5 mM DTT, 0.1 mM EDTA, 8.7% Glycerol). The column was loaded over night by gravity (height difference between columns 60 cm, initial flow rate 3.3 ml/min). The elution was performed at 3 ml/min with 100 and 400 mM KCl in buffer B. Nine milliliter fractions were collected at the 400 mM step.
Step 4: The active fractions (45 ml) were pooled, dialyzed against buffer C (50 mM Tris pH 7.9, 900 mM (NH 4 ) 2 SO 4 , 50 mM KCl, 0.5 mM DTT, 0.1 mM EDTA, 8.7% Glycerol) and loaded onto an in buffer C equilibrated analytical phenyl-5PW column (0.75 Â 7.5 cm 2 , 0.3 ml/min). The flow-through was collected in 3 ml fractions. The activity was eluted in two steps of 400 mM and 0 mM (NH 4 ) 2 SO 4, which established as steep gradients due to the small volume of the column. Fractions (0.3 ml) were collected.
Step 5: Active fractions (18, 19 and 20) from 15 phenyl-5PW columns were pooled, dialyzed against buffer B and loaded onto an SP-5PW column (0.75 Â 7.5 cm, 0.3 ml/min) equilibrated in buffer B. After a step of 1.5 column volumes (4.5 ml) at 100 mM KCl, the activity was eluted at 0.3 ml/min with a 4.5 ml linear gradient from 100 mM to 400 mM KCl. 0.3 ml fractions were collected.
Step 6: The bypass activity (Fr. 31-34) was dialyzed against buffer B and loaded onto a heparin-5PW column (0.75 Â 7.5 cm 2 , 0.3 ml/min) equilibrated in buffer B. After washing with 4.5 ml of buffer B containing 225 mM KCl, the column was eluted with a 4.5 ml linear gradient from 225 to 375 mM KCl in buffer B. The activity eluted between Fr. 39 and 43. For analysis, the fraction was dialyzed in buffer B.
Purification of recombinant proteins
Elongin was prepared as described in Kong et al (2003) . CSB was prepared as described in Bradsher et al (2002) and TFIIS was prepared as described in Powell and Reines (1996) .
Immunodepletion of TFIIF
Fraction 40-43 from the final column (Heparin-5PW) were pooled and dialyzed against buffer D containing 50 mM Tris pH 7.9, 150 mM KCl, 0.5 mM DTT, 0.1 mM EDTA, 8.7% Glycerol and 0.05%NP40. Afterwards, 150 ml of the pool was supplemented with buffer D equilibrated RAP74 or a control antibody crosslinked to Protein A beads or left untreated (input). The next day, beads were carefully pelleted at 200 g and supernatants were removed. The beads were washed with 3 Â 10 volumes in buffer D and gel loading buffer was added. Aliquots of the supernatant and the input were also subjected to gel loading buffer addition. For in vitro transcription aliquots of supernatants were dialyzed in buffer A (50 mM Tris/HCl pH 7.9, 0.5 mM DTT, 0.1 mM EDTA, 8.7% glycerol).
Reverse transcription and PCR
After the transcription reaction, the template DNA was digested for 1 h at 371C using 10 U DNaseI per reaction. This step was followed by routine RNA extraction and reverse transcription was performed according to the manufacturer's protocol (SuperScript II Invitrogen). Briefly, RNA was resuspended in RT reaction mix containing 2 pmol gene specific primer, 1 Â first strand buffer, 500 mM dNTP and 10 ml H 2 O, heated for 5 min at 651C and quick frozen on ice. Afterwards, 10 mM DTT, 5 U RNasin (Promega) and 10 U Reverse Transcriptase (RT) SuperScript II (invitrogen) is added and incubated 50 min at 421C. RT was inactivated for 15 min at 651C. 1/10 of the RT reaction was added to a PCR reaction. 10 U PFU polymerase (NEB) was used with the following reaction conditions: 2 min 941C, 25 cycles of 941C for 40 s, 521C for 40 s, 721C for 50 s and 5 min final elongation. After purification using QIAGEN quick PCR purification kit, sequencing was performed using gene specific primer. Alternatively, PCR products were digested with 10 U ApaLI restriction enzyme at 371C o.n. (NEB/Fermentas) followed by end labelling using 0.1 mM 32 P-g ATP and 5 U polynucleotide kinase (NEB), separation on 8% denaturing urea polyacrylamide gel and revelation using autoradioactivity.
